The fate of parental SV4o DNA in monkey kidney cells was investigated by infecting the cells with purified virus labelled with [3H]-thymidine. 5-Bromodeoxyuridine (2oo/zg/ml) was added to the cells at 2 h after infection to label virus progeny DNA. At 72 h post-infection the cells were harvested and virus DNA was extracted and fractionated by isopycnic sedimentation in CsCI solution. The following DNAs with characteristic densities were found: light (LL), 1.7o g/ml; hybrid (HL), 1"75 g/ml and heavy DNA (HH), I-8O g/ml.
INTRODUCTION
The infection of permissive monkey kidney cells with simian virus 40 (SV4o) is thought to be initiated by virus particles that have penetrated into the host cell nuclei and become uncoated within a few hours Swetly & Koprowski, 197o; Hummeler, Tomassini & Sokol, I97O) . During the course of infection, a small fraction of parental SV4o DNA may become integrated into the cellular genome (Hirai & Defendi, I972) . Although a proportion of the parental virus DNA undoubtedly enters replication, little is known about the fate of the remaining parental virus DNA in the infected cells. In the present study, we investigated the fate of intracellular parental SV4o DNA at late times after infection of secondary cultures of monkey kidney cells. To distinguish the parental virus DNA from the progeny virus DNA, purified [3H]-thymidine labelled virus was used to infect cells and the progeny virus DNA was labelled with 5-bromodeoxyuridine, a density label.
METHODS
Cells. Secondary cultures of African green monkey kidney (AGMK) cells were prepared from cells purchased from Flow Laboratories (Rockville, Md.). They were grown in 2 1 roller bottles in Eagle's medium (BME) supplemented with lO% calf serum. Confluent monolayers contained about 6"7 × IO 7 cells. fected with purified [3H]-dT labelled virus (input multiplicity of Ioo p.f.u./cell) for 2 h at 37 °C. The cell monolayers were washed twice with phosphate-buffered saline (PBS) and incubated at 37 °C with BME (80 ml) containing 2 ~o dialysed calf serum, 200/zg/ml of 5-bromodeoxyuridine (BrdU), 15 #g/ml of 5-fluorodeoxyuridine (FUdR) and 60 #g/ml of uracil (see Kozinski & Kozinski, I963) . At 24 h after infection, the medium was replaced with fresh medium containing the same concentrations of BrdU, FUdR and uracil. The cultures were harvested at 72 h after infection. This procedure was adopted for all the experiments described below.
Separation of virus DATA from cellular DNA. Virus DNA was separated from cellular DNA by a modification of the procedure described by Hirt (I967) . Monolayers were washed twice with cold PBS and immediately lysed by the addition of 7 ml of a solution containing 1% SDS, o-oi M-tris-HC1, pH 7"5, and o-oi M-EDTA. After standing for I5 min at room temperature, the lysate was incubated for 3 h at 37 °C with 2 mg of pronase/ml (Calbiochem, La Jolla, Calif.; self-digested for I h at 37 °C at a concentration of 20 mg/ml). One quarter vol. of 5 M-NaC1 was then added and the mixture was gently swirled to effect mixing and held overnight at 4 °C. The high mol. wt. cellular DNA was pelleted by centrifuging at 4 °C for 30 min at I2 ooo rev/min in a Sorvall RC2-B centrifuge. The supernatant fluid containing low mol. wt. DNA (mostly virus DNA), was extracted with one vol. of water-saturated phenol. The extract was dialysed for at least 4 h against o.oI M-EDTA in o-oi × SSC, pH 7"4 (SSC is o"I5 M-NaC1, o-oi M-Na-citrate) and was concentrated by evaporation.
Fractionation of cellular components. Cells were washed twice with cold PBS, scraped off the glass and fractionated into nuclear and cytoplasmic fractions as described by Berkowitz, Kakefuda & Sporn 0969).
Isolation of DNA-protein complex. SV4o DNA-protein complex was extracted from the infected cells by a modification of the procedure described by Green, Miller & Hendler (I97I) . Cells were washed twice with cold PBS and treated with 7 ml of 0"25% Triton X-Ioo in o'oi M-EDTA and o.oI M-tris-HCl, pH 7"9. The cells were allowed to swell for IO min at 2o °C and were then lysed by adding NaC1 to a final concentration of 0.2 M. The lysate was scraped off the glass, transferred to a tube and kept overnight at 4 °C. Nuclear aggregates and large cellular debris were sedimented by centrifuging at 2000 rev/min for 5 min at 4 °C. The supernatant fraction, containing the SV4o DNA-protein complex, was sedimented through a I o to 30 % (w/v) sucrose gradient prepared in 0.2 M-NaC1, o-o t M-EDTA and o.o~ M-tris-HCl, pH 7"9, at 24000 rev/min for 5 h at 8 °C in a SW25 rotor. The complex was stable at 4 °C for at least 2 weeks.
Isopycnic sedimentation ofDNA. CsC1 was added to the DNA solution in o.oi M-EDTA and o.oi x SSC, pH 7"4 to give a final density of 1.75 g/ml. Samples (3 ml) were centrifuged in a SW5o L rotor at 34ooo rev/min for 6o h at 2o °C, unless stated otherwise. Fractions were collected from the bottom of the tubes and the fractions or samples were mixed with a water miscible scintillation fluid (TXT solution; Tan & Sokol, 1973) for determination of radioactivity in a Packard liquid scintillation spectrometer.
Velocity gradient sedimentation of DNA. Neutral sucrose gradient sedimentation was performed by centrifuging the sample through a 5 to 2o % (w/v) sucrose gradient in oq3 MNaC1, o'o5 M-tris-HC1, pH 7"8, and o.ooi M-EDTA in a SW5o L rotor at 42ooo rev/min for 3 h at 4 °C or in a SW25 rotor at 23000 rev/min for 17 h at 4 °C. Alkaline sucrose gradient sedimentation was performed by centrifuging the sample through a 5 to 2o % (w/v) sucrose gradient in o'7 M-NaC1, and o'3 M-NaOH at 4oooo rev/min for lOO min at 15 °C in a SW5o L rotor. Fractions were collected from the bottom of the tubes and radioactivity was determined as described above.
Fragmentation of DNA by ultrasonic vibrator. DNA samples were sonicated five times at o °C, each time for IO s at I min intervals in a Branson sonifier operated at maximum output.
Denaturation of DNA. The DNA sample in o.oI M-EDTA, o-oi × SSC and 1% formaldehyde at pH 7"4 was denatured by heating at IOO °C for 2o rain and chilling in ice. Analysis of the resulting DNA in alkaline sucrose gradient revealed that the majority of HL component I SV4o DNA was converted to component II virus DNA (see Htilzel & Sokol, 1974) .
Determination of acid-insoluble radioactivity. Trichloroacetic acid (TCA) was added to a final concentration of 5 % to pre-cooled samples (I ml) containing 25o #g of bovine serum albumin as carrier. After standing at o °C for 3o min, the samples were filtered through Whatman GFC glass fibre filters. The filters were washed twice with cold 5 % TCA and dried. Radioactivity was determined in TXT solution.
Preparation of SV4o marker DNA labelled with either [14C]-dT or with both [14C]-adenine and BrdU.
[14C]-dT-labelled virus was prepared as described above for [SH]-dT-labelled virus except that o'5 #Ci/ml of [laC]-dT (sp. act. 4o to 6o mCi/mmol; New England Nuclear) was added to the medium only once, at 24 h after infection.
[14C]-adenine-and BrdU-labelled virus was prepared as described for [3H]-dT-labelled virus except that the cells were incubated with medium containing 2 % dialysed calf serum, I o #g/ml of BrdU, 15 #g/ml of FUdR and 60 #g/ml of uracil and 0"5 #Ci/ml of [14C]-adenine (sp. act. 4o to 60 mCi/mmol, New England Nuclear) was added to the medium at 24 h after infection.
The purified virus labelled with [~4C]-dT or [~C]-adenine-BrdU was lysed at zo °C with o'o25 % SDS for IO min and was extracted with z vol. of water-saturated phenol and dialysed overnight at 4 °C against o.oi M-EDTA, o.oi × SSC, pH 7"4. The densities of the DNA from [14C]-dT (LL marker DNA) and [~4C]-adenine-BrdU-labelled (HH marker DNA) SV4o are about 1.7o g/ml and 1.8o g/ml, respectively, as determined by isopycnic sedimentation in CsC1 solution.
RESULTS

Fate of virus DNA in monkey kidney cells
The fate of parental SV4o DNA in AGMK cells was investigated by infecting the cells with purified virus labelled with [aH]-dT and adding BrdU to the cells at 2 h after infection to label the virus progeny DNA. In order to follow the fate of the parental virus DNA as completely as possible, cells were harvested at 72 h after infection, since at times later than 72 h after infection cells became detached from the glass. At 2 h after infection, about 6o % I '2 ND § * Data derived from 3 independent experiments. t Cell-associated radioactivity at 2 h p.i. = total radioactivity in the inoculum before infection less the radioactivity in the inoculum after infection and in the cell washes. The total radioactivity is that in the inoculum before precipitation with TCA. All of the radioactivity in the inoculum before and at 2 h after infection was TCA precipitable. The culture medium was replaced with fresh medium at 2 and 24 h p.i.
;~ Radioactivity in sample after phenol extraction, dialysis and concentration. § Not determined.
of the infecting virus became cell-associated. The virus DNA (low tool. wt. DNA) was selectively fractionated from cellular DNA (high mol. wt. DNA) by the method described by Hirt (I967) . The distribution of [aH]-parental label in the culture medium and in the cells is shown in Table I . During the 72 h incubation period, approx. 4I % (i.e. 24-2 ~o -t-I7.I ~o, see Table I ) of the cell-associated parental label was released into the culture medium and more than 6o % of this released radioactivity was acid-soluble indicating that degradation of input SV4o DNA had occurred. Approx. 23 and I-2 % of the parental label was recovered in the low and high mol. wt. DNA fractions, respectively. Because of the unavoidable loss (about 34 % of the cell-associated radioactivity) of material during the preparation (phenol extraction, dialysis and concentration) of the low and high mol. wt. DNA, the parental label was not quantitatively recovered. It has previously been shown that SV4o DNA replicates by a semi-conservative mechanism (Jaenisch, Mayer & Levine, I97I ; Sebring et al. I971) . Therefore in the presence of BrdU in the culture medium (to label progeny virus DNA), we expect to find that [aH]-labelled parental virus DNA that has undergone replication will differ in buoyant density from unreplicated parental DNA.
When the low tool. wt. DNA was fractionated by equilibrium sedimentation in CsC1 solution, more than 9o % of the [aH]-parental label banded at the light (LL) density location 0"7o g/ml) corresponding to unreplicated parental DNA (Fig. I) . Approx. 20 of the [aH]-parental label banded at the hybrid (HL) density (I-75 g/ml) indicating that a small fraction of the parental virus DNA had undergone semi-conservative replication. Interestingly, a peak corresponding to about o'7 % of the cell-associated parental label banded at the heavy (HH) density location (I.8O g/ml). Because only a small proportion of the parental label was recovered in the HH and HL DNA, cells were infected at a high input multiplicity (ioo p.f.u./cell) to provide sufficient radioactivity in these DNA forms for study.
To study the fate ofintracellular parental SV4o DNA in greater detail, fractions containing the LL DNA (indicated by bracket A in Fig. I ), the HL DNA (bracket B) and the HH DNA (bracket C) were pooled and dialysed against o-oI M-EDTA and o.oi x SSC, pI-I 7"4, for further characterization. [3H]-dT-labelled purified SV4o and incubated in medium containing BrdU. The low mol. wt. DNA (9 ml) obtained as described in Methods was centrifuged to equilibrium in CsC1 solution (SW4I rotor; 3oooo rev/min; 6o h; 2o °C). In this and all subsequent gradients the top of the gradient is on the right hand side.
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Characterization of light density DNA (LL DNA)
The LL DNA isolated from the gradients shown in Fig. ~ banded at the HL and HH locations and none at the parental LL location (Fig. 2) . Therefore, even in the presence of degradation products from the parental DNA, the progeny DNA has incorporated sufficient BrdU to cause it to band away from the parental DNA density location. We therefore conclude that the LL DNA shown in Fig. I represents unreplicated parental DNA. Analysis of the isolated [aH]-LL DNA from the gradient shown in Fig. I in neutral sucrose gradient (Fig. 3) One possible explanation for the persistence of unreplicated intact parental DNA is that the virus genomes in the nuclei are still contained in the parental virus particles. To examine this possibility, a portion of the nuclear fraction obtained as described in Methods from AGMK cells at 72 h p.i. with [ZH]-dT-labelled SV4o was lysed with o'25 % sodium deoxycholate (DOC) and centrifuged as described by Bourgaux, Bourgaux-Ramoisy & Dulbecco (I969). The supernatant fraction was freed of DOC by the method described by Holloway 0973) and was analysed by equilibrium sedimentation in a CsC1 density gradient (Tan & Sokol, I972) . Very little [SH]-label was recovered at the density of P35 g/ml where SV4o virus particles were expected to band. The majority of the [3H]-label (about 9o %) was found in the few bottom fractions with densities greater than I-5 g/ml. Fractions from the bottom of this gradient were pooled and centrifuged to equilibrium in CsC1 solution (average density = 1.75 g/ml). The majority of [3H]-parental label co-banded with the [14C]-labelled light density marker SV4o DNA. These results show that the majority of the parental label in the nuclei represents unreplicated parental SV4o DNA which was not encapsidated in virus particles. Similarly, most of the parental DNA present in the cytoplasm was unreplicated and uncoated virus DNA.
In permissive cells infected with SV4o, the replicating virus DNA was found in DNAprotein complexes (White & Eason, I97I ; Hall, Meinke & Goldstein, I973) . To determine if the uncoated and unreplicated parental SV4o DNA (labelled with [aH]-dT) was present in DNA-protein complex in BrdU-treated cells at 72 h after infection, the complex was extracted from the cells and analysed in sucrose gradients. The results (Fig. 4) show that about 75 % of the parental DNA was found in the DNA-protein complex (about 57 S) and the rest of the parental DNA was recovered at the top of the gradient. When the DNAprotein complex was treated with SDS and pronase as described in Methods and subjected to isopycnic sedimentation in CsC1 solution, a gradient profile identical to Fig. I was obtained. More than 9o % of the parental DNA was recovered at the location of light density DNA showing that the DNA was unreplicated DNA. As expected, the DNAprotein complex also contained parental DNA which had undergone replication.
The parental DNA recovered at the top of the gradient shown in Fig. 4 when analysed as described above was found to contain only unreplicated light density parental DNA. This DNA and the light parental DNA of the DNA-protein complex were found to be undegraded and sedimented as intact virus genomes in neutral sucrose gradients (results not shown).
Characterization of hybrid density DNA (HL DNA)
The HL DNA isolated from the equilibrium gradient shown in and o.oI x SSC, pH 7"4 and were analysed by equilibrium sedimentation in CsC1 solution and by velocity sedimentation in neutral and alkaline sucrose gradients. More than 9o % of the parental label banded at a density in between those of HH and LL marker SV4o DNAs, showing that the isolated material was essentially pure HL DNA. When analysed together with SV4o LL marker DNA in neutral or alkaline sucrose gradients, the pure HL DNA was found to consist only of component I and component II DNA in proportions similar to those of the marker DNA. If the component I SV4o DNA molecule with hybrid density is the direct product of semiconservative replication of [aH]-dT-labelled parental DNA, then the DNA should contain a complete strand of each of a [aH]-dT-labelled light density parental strand and a complementary BrdU-containing heavy density progeny strand. To verify this interpretation, the HL DNA was denatured (see Methods) and subjected to isopycnic sedimentation in CsC1 solution. It was found that essentially all of the parental [aH]-label co-banded with the denatured [14C]-labelled light density marker DNA (Fig. 5) . Clearly, the HL DNA is the product of semi-conservative replication of parental virus DNA. 
Characterization of heavy density DNA (HH DNA)
As shown in Fig. ~ , analysis by isopycnic sedimentation of intracellular virus DNA sampled at 72 h p.i. revealed the presence of [aH]-dT-labelled HH DNA in addition to labelled HL and LL DNAs. The HH DNA (pooled fractions of the gradient indicated by bracket C in Fig. 0 , accounting for less than 1% of the total [aH]-label, was isolated, dialysed and fractionated by velocity sedimentation in a neutral sucrose gradient. The majority of the label sedimented at locations corresponding to those of component I and component H heavy density SV4o DNA markers. Fractions corresponding to the HH component I SV4o DNA were pooled and dialysed against o-oI M-EDTA and o.oi × SSC, pH 7"4, for further analysis.
Sedimentation of this [SH]-labelled HH DNA to equilibrium in a CsC1 solution showed that almost all of the [3H]-label co-banded with [14C]-labelled HH marker DNA with a density of about I-8o g/ml (Fig. 6 ). The density of 1.8o g/ml for the [~H]-labelled HH DNA indicates that about 85 % of the dT in the HH SV4o DNA is substituted by BrdU since complete substitution is expected to give a density of 1.818 g/ml. The latter value is calculated by assuming that the G-C content of SV4o DNA is 4~ mol % (Crawford & Black, I964) and that the difference between the buoyant densities of poly dA-dT and poly dA-BU in CsC1 solution is 0.2 g[ml (Wake & Baldwin, I962) . In velocity sedimentation in a neutral sucrose gradient, the [3H]-HH DNA, like the HH marker SV4o DNA, sedimented somewhat faster than the LL marker SV4o DNA (Fig. 7) , evidently due to substitution of dT by BrdU. Similarly, the [3H]-HH DNA sedimented faster than the LL marker SV4 o DNA in alkaline sucrose gradient. Thus the HH DNA isolated for study consists mostly of component I SV4o DNA molecules.
Obviously, the HH DNA, while consisting primarily of BrdU-labelled progeny SV4o DNA, has acquired some [3H]-dT label originally present in the parental virus DNA. It was of interest to determine whether the [3H]-dT label in the HH DNA is present as segments of parental genomes covalently bound to progeny DNA, possibly due to recombination of parental and progeny virus DNA, or as randomly incorporated thymidylic acid residues due to re-utilization of degraded parental SV4o DNA. The size of the [3H]-dT-labelled parental DNA segments in the heavy density component I SV4o DNA molecules was estimated in the following way. The HH DNA was sonicated to fragments of about 4 x io 5 in mol. wt. (about one tenth of the length of the intact SV4o DNA molecule as determined by neutral sucrose gradient analysis). The fragments were then denatured by heating and centrifuged to equilibrium in CsC1 solution. If the [3H]-dT-labelled parental DNA segments in the HH DNA are larger than the fragments obtained by sonic treatment, then some of the denatured fragments will consist solely of [3H]-dT-labelled parental virus DNA strand and consequently will band at the light density location. associated with parental DNA segments smaller than the fragments obtained by sonication or with thymidylic acid residues, then no denatured fragments will be made up solely of parental DNA. Instead, [3HI-label will be found only in combination with BrdU labelled progeny DNA. Such fragments will, therefore, band at a density between heavy and light densities. The actual density of the single-stranded fragment will be a function of the proportion of [aH]-dT-labelled parental DNA covalently linked to B~dU-labelled progeny DNA. As shown in Fig. 8 , following sonication and subsequent denaturation, most of the parental label banded at the heavy density location. The fragmented HH DNA banded as a relatively broad band, characteristic of small sized DNA. From the density of the [~H]-labelled single-stranded fragments, it was calculated that the tool. wt. of parental [3H]-labelled DNA segments was smaller than ~ x Io 4 (Kozinski & Kozinski, I963) .
DISCUSSION
The present study on the fate of parental SV4o DNA in permissive cells at 3 days after infection in the presence of BrdU shows that, (a) a large proportion (about 28 %) of the parental DNA was degraded to acid soluble material, (b) more than 9o % of the parental DNA in the low tool. wt. DNA fraction represented uncoated and intact unreplicated virus DNA, and (e) about 2 % of the parental DNA in the low tool. wt. DNA fraction underwent semi-conservative replication.
In cells infected with [aH]-dT-labelled SV4o in the absence of BrdU, as much as 7o % of the parental label was present in the cytoplasm as intact and uncoated virus DNA at i6 h p.i. (C. Howe, unpublished data). Since virus DNA synthesis starts at about ~6 h p.i. (Levine, Kang & Billheimer, I97 o) (i.e. very little progeny virus DNA is made), the labelled DNA probably represents unreplicated parental SV4o DNA and not replicating parental DNA or progeny DNA that has acquired the parental [3H]-radioactivity through re-utilization of breakdown products of the parental DNA. Because the parental and progeny DNA cannot be differentiated without labelling the progeny DNA with BrdU, it cannot be determined whether appreciable amounts of unreplicated parental DNA are present in the cells at times later than 16 h after infection. However, in view of the above observation, it is possible that large amounts of unreplicated parental DNA may persist even in the absence of BrdU and that the large amounts of unreplicated parental SV4o DNA in BrdU-treated cells may not be entirely due to an artefact of BrdU treatment even though BrdU has been shown to inhibit SV4o DNA replication (Calothy, Hirai & Defendi, 1973) . Because of possible artefacts resulting from infecting the cells at a high input multiplicity and from BrdU treatment, it is not possible to determine the actual proportion of parental virus that has undergone DNA replication under normal conditions.
The parental SV4o DNA was present in the form of a DNA-protein complex in BrdUtreated cells. This finding demonstrates that uncoated parental virus genomes bound to unknown proteins can survive intact for a very long time and may eventually enter replication or become integrated into the cellular genome. It remains to be determined whether the properties of the parental virus DNA-protein complex are similar to those of replicative progeny virus DNA-protein complex (Shmookler, Buss & Green, 1974; Tan & Sokol, I974) .
In BrdU-treated cells infected with [3H]-dT-labelled virus, the parental radioactivity was found to be associated with progeny virus DNA labelled with BrdU (HL and HH DNA). Th~ parental radioactivity in the HL DNA represents an intact parental virus genome linked non-covalenfly to an intact progeny DNA. This result confirms the previous observations that SV4o DNA replicates by a semi-conservative mechanism (Jaenisch et al. I97I ; Sebring et al. 1971) . Similarly, polyoma virus DNA also replicates by a semi-conservative mechanism (Hirt, 1966 (Hirt, , 1969 Bourgaux & Bourgaux-Ramoisy, 1972 ) . The fact that no [3H]-label was detected in the heavy progeny strand of the HL SV4o DNA (see Fig. 5 ) indicates that in the presence of a relatively high concentration of BrdU (2oo/~g/ml), very little, if any, degradation products ([SH]-thymidylic acid) of parental virus DNA was incorporated into the progeny DNA. However, at a lower concentration of BrdU (IO/~g/ml) there was re-utilization of [~H]-thymidylic acid derived from the degradation of parental DNA for the synthesis of progeny DNA (C. Howe, unpublished data).
The nature of the [3H]-radioactivity that is present in the HH DNA as fragments smaller than I x IO 4 mol. wt. remains to be determined. It could represent the re-utilization of breakdown products ([~H]-thymidylic acid) of the parental DNA for the synthesis of progeny DNA. That a substantial amount of the [~H]-radioactivity in the HH DNA is derived from the re-utilization of breakdown products of the parental DNA is unlikely, however, for the following reasons: in the presence of BrdU (2oo #g]ml), progeny virus DNA synthesis does not start till 24 h after infection (C. Howe, unpublished data); solubilized parental Jail]-label is present in appreciable quantities at both early (24 h) and late (72 h) times after infection (Table I) ; therefore, any progeny DNA that is synthesized between 24 and 72 h after infection must contain [aH]-radioactivity if breakdown products of parental DNA are re-utilized in the synthesis of progeny DNA. However, the result presented in 
